Thin-walled tubular structures are commonly used in automotive and aerospace applications because of their high strength and lightweight characteristics. In this paper we propose a new bionic bi-tubular thin-walled structure (BBTS) inspired from the internal structure of the lady beetle elytron. Six types of BBTSs with different geometric parameters and same type of material were simulated under axial dynamic impact loading with a weight of 500 kg and a velocity of 10 m/s using nonlinear finite elements. The comparison between BBTSs with equal mass shows that the thickness of the inner wall and the cross-sectional configurations influence significantly the energy absorption of the structure. BBTSs show an optimized crashworthiness behavior when the inner wall thickness is between 1.6 and 2.0 mm. In addition, circular and octangular BBTSs show improved absorption characteristics when the inner wall thickness is 2.0 mm. We also evaluate the energy absorption of periodically distributed BBTS against cellular configuration with irregular topology. The energy absorption characteristic of BBTS with regular distribution is better than that of BBTS with irregular distribution, which indicates that the optimized regular structure has an improved mechanical performance to the original bionic topology.
Introduction
Thin-walled tubes with a simple cross-sectional shape are commonly used as energy absorbers because they are relatively easy to manufacture and efficient in terms of energy absorption. During the past decade the behavior under axial impact of thinwalled tubes with different materials and structures has been investigated using combinations of theoretical analysis [1] , numerical simulations [2, 3] and experimental tests [3] [4] [5] . Different cross-sectional shapes of single thin-walled tube significantly affect the efficiency of the energy absorption process. Four simple geometries such as hexagon, octagon, 12-sided and 16-sided star have been already evaluated from an experimental point of view [6] , and the results have shown that an increase in the number of inward corners tends to improve the energy absorption capabilities. Other geometries have also been extensively studied, such as circular [7, 8] , square [9, 10] , rectangular [11] [12] [13] , hexagonal [14] [15] [16] , pyramidal [17] and conical tubes [18] [19] [20] . More recently two novel geometries with different materials (pentagon and cross-type section) have been also investigated [21] . A configuration that combines the square and circular sections has also been proposed and the simulation results have shown that the crashworthiness performance of this new structure is improved compared to the analogous performance from the single square or circular sections [22] . The temperature has also been shown to have a significant effect on the material behavior and the crashworthiness of steel-plated structures in terms of brittle fracture and mean crushing loads [23] . A new design solution [24] has also been proposed to improve the energy absorption efficiency of a thin-walled column by introducing extra stable corners in the cross section. Some authors have conducted parametric studies [25] [26] [27] [28] on longitudinally grooved square tubes under axial crushing. From those simulation results, it is apparent that the introduction of grooves significantly increases the specific energy absorption of the columns. Some experimental studies [29, 30] of the thin-walled tubes with patterned windows have also been carried out, together with the numerical analysis of the three collapse modes characteristics and changes in length and thickness of the tube segments to control the crush force [31] .
Bi-tubular thin-walled column designs are also reported in open literature. From a general point of view, bi-tubular configurations have improved energy absorption characteristics compared to the single thin-walled tube case. Several complex geometric parameters of bi-tubular configurations have been numerically investigated, including the radial distance of concentric cylindrical tubes [32] , the shape and the size of the inner tubes, and the location of the diaphragms [33] . Other research papers [7, 34, 35] have dealt with foam-filled bi-tubular circular tubes subjected to compression loading, and related parameter conditions like the geometry and the loading type. A novel bi-tubular structure filled with a honeycomb structure with a polygonal configuration has also been investigated numerically. The results have shown that this configuration had favorable energy absorption characteristics in various loading situations compared with the single thinwalled column case [36] .
Although a considerable body of research exists on thin-walled structures, it is still an academic and technological challenge to make the tubular configuration more effective in terms of load bearing characteristics, and also easier to manufacture. Animals in nature tend to feature excellent topological and mechanical designs that evolved over eons under challenging environmental conditions [37] . Bionic structural configurations have been employed to design thin-walled tubes [38] [39] [40] [41] , but only few research papers have focused on the mechanical properties of the bionic tubular design that biomimics the internal structure of the lady beetle elytron [42] . This paper presents a novel bionic bitubular thin-walled structure (BBTS) similar to the one observed in the lady beetle elytron. The energy absorption characteristics of the BBTS with different cross-sectional shapes have been investigated from a numerical standpoint. A parametric analysis of the impact compressive behavior of the structures versus different diameters of the inside tube has also been performed.
Lady beetle-based BBTS

Structural crashworthiness criteria
Four indicators are used to define the crashworthiness performance of the BBTS [43] . The first indicator to estimate the energy absorption capabilities of the structure is the specific energy absorption (SEA) defined as the ratio of the total energy EA absorbed by a structure to its mass M:
The area under the force-displacement curve represents the amount of absorbed energy EA:
where d is the axial crushing displacement and F denotes the axial crushing force. For an energy absorption structure, a high value of crash load efficiency (CLE) is expected:
where MIF represents the peak force in the force versus displacement curve under the axial impact. The mean crush force (MCF) for a given deformation can be obtained as:
The internal structure of the lady beetle's elytron
It is well known that the lady beetle elytron protects its flexible wing and body from damage. Lomakin et al. have found that the beetle elytron of Tenebrio is ductile and soft with a Young's modulus (E) of 44 ± 8 MPa, but it becomes brittle and stiff with an E of 2400 ± 1100 MPa when fully tanned. With increasing tanning, dynamic elastic moduli (E 0 ) increase nearly 20-fold, whereas the frequency dependence of E 0 diminishes [44] . Figure 1 shows a species of lady beetle, Coccinella septempunctata, which is the most common lady beetle in Europe. Its elytra are red with seven black spots [45] . Figure 1 also shows the internal microstructure of the elytron of the lady beetle by optical microscope. It is possible to observe the presence of small independent honeycomb structures with multiple shapes including triangular, rectangular, hexagonal, and circular. Remarkably, it is possible to note the existence of a hollow cylindrical column in the center of all these independent thin-walled structures, as shown in Figure 2a shows the presence of a cylindrical column, and the cylindrical tube is also represented by a thin-walled structure (Fig. 2b) . In nature, the elytron of the lady beetle can resist to an impact load represented by droplets of rain, or produced by an opponent. It is therefore possible to imagine that the bionic bi-tubular thin-walled structures may possess excellent energy absorption characteristics when subjected to impact loading (Table 1) .
Schematic model for the elytron internal structure
From the observations of the forewing internal structure it is possible to evince that the elytron of the lady beetle can be schematically represented as a sandwich structure, although the specific elytron microstructure is quite complex. The sandwich representative model is shown in Fig. 3 . The upper and lower skins are composed by chitin fibers, and they separate small honeycombs units with different shapes. Nested in each honeycomb unit one can find a hollow column with a circular cross section. The presence of honeycomb cells with the hollow columns enhances the bending and compressive strength of the forewing structure and reduces the elytron weight to make the flight of the lady beetle easier.
The design of BBTSs
In this study we have developed six different types of BBTS cross section inspired to the honeycomb cells of the elytron. The shapes of the BBTSs include triangles, quadrangles, pentagons, hexagons, octagons and circles (Fig. 4) . To investigate the energy absorption performance of the different shapes, BBTS samples with equivalent total cross-sectional areas and identical length have been developed. As shown in Table 2 , the inner diameter d and the thickness t of inner wall of the BBTSs were chosen as the design variables. The width H of the cross section in different outer walls was fixed, as well as the thickness of all the outer walls of the cross sections (2 mm).
Mechanical properties of the base material for the BBTSs
The single-wall tubes were prepared using aluminum alloy AA6063 T6. The specific alloy has a density q = 2.7 9 10 3 kg/m 3 , a Young's modulus E = 68.2 GPa, the initial yield stress r y = 162 MPa, the ultimate stress r u = 192 MPa, and Poisson's ratio t = 0.3 (see Table 1 ) [46] . The tubes were modeled with the MAT_24 material law in LS-DYNA971. This aluminum alloy exhibits small strain rate sensitivity, the static stress-strain relationship is presented in Fig. 5 [47] . The fracture behavior of the aluminum alloy was neglected during these analyses.
Numerical simulations Finite element modeling
A scheme representing the BBTS loading conditions of the finite element model is shown in Fig. 6 . The bottom of the tube is clamped to the fixed bottom plate. The impactor and the fixed bottom plate are set as rigid bodies. A 500-kg rigid impactor with a constant velocity (v = 10 m/s) is used to simulate the axial loading on the tubes. An automatic contact setup is used in the numerical simulation to consider the contact caused by the deformation of the tubular wall during crushing. The point-surface contact algorithm is adopted to consider the contact between the BBTS and the rigid wall. The dynamic and static friction coefficients during contact are set at 0.2 [38] . Figure 3 Schematic view of honeycomb structure of the elytron.
To avoid a zero energy deformation mode and volumetric locking a stiffness-based hourglass control and a reduced integration are used. The material failure of the aluminum alloy tube is neglected [48] . The commercial software CATIA V5R20 is used to create the solid models representing the BBTSs. Hypermesh 12.0 is used as preprocessor to impart the axial impact conditions, material properties, boundary conditions and meshing. The tube is modeled using the quadrilateral shell element with four nodes, mesh size of about 2.0 mm 9 2.0 mm is adopted for the model, and the number of meshes is 6800. The constitutive behavior of the thin shell element is based on an elastic-plastic material model with Von Mises isotropic plasticity algorithm with piecewise linear plastic hardening. The solver from the explicit nonlinear finite element software LS-DYNA is employed for the simulations; post-processing is treated using the Hyperview 12.0 and Hypergraph 12.0 softwares. Figure 7 shows the curves related to the crushing force versus displacement for the triangular bitubular tube with five different mesh densities. The error provided by the models comprising element sizes of 1.5 9 1.5 mm and 2.0 9 2.0 mm is quite small, and the two mesh sizes show to provide sufficient accuracy to describe the crushing process. To reduce the computational cost, the mesh size of 2.0 9 2.0 mm has been therefore adopted for all the following studies.
Validation of the finite element model
Lee et al. [49] have carried out experiments for thinwalled square columns under axial impact loading. In their experiments they adopted aluminum AL6063 thin-walled extruded tubes with lengths of 200 mm. The weight of the cross head was 40 kg, and the impact velocity was 7.02 m/s. These values are chosen to meet the impact energy requirements for vehicles. These chosen values are in effect to provide safety for the car drivers and the passenger seated in the front cabin [50] . To validate our FE models, we have first reproduced the same types of empty single thin-walled square tubes with the same sizes and axial impact loading conditions, and compared our results with the experimental data of Lee et al. Figures 7 and 8 show the comparisons between the experiments and the simulations. Figure 8 shows that the collapse mode produced by the numerical simulations matches quite well the one from the Figure 4 Cross-sectional geometry of BBTSs (all dimensions are in mm). experiments. Although the collapse mode of structure is similar enough between experiment and numerical simulation, the shapes of folds are still not very consistent. It may caused by the setting values in numerical computational software are still not very suitable. On the other hand, the experimental parameters and material properties which used for experiment in the literature are still not very accurate and detailed. Moreover, Fig. 9 shows the simulation curve of the crushing force versus displacement agrees well with the one from the experiments. These results validate our FE modeling approach for the subsequent use in evaluating the crushing performance of the BBTSs.
Numerical simulations of the BBTSs
The energy absorption characteristics of the BBTSs under axial crushing loading appear to be strongly related to their cross-sectional geometry. It is therefore important to analyze the correlation between the structural and geometry parameters of the BBTSs and their mechanical characteristics. We use in this paper crashworthiness metrics such as SEA, MIF, and CLE to compare the numerical predictions with the different parameters defining the bi-tubular structures. 
Effect of the outer wall cross-sectional shape
To assess the differences between the six types of outer wall cross-sectional shapes we have carried out numerical simulations on models with the same inside column (t = 0.8 mm) and a different outside tube. The evolution of the BBTS shapes under different axial displacements is shown in Fig. 10a-f . The BBTS collapse is strongly affected by the interaction between the inner and outer tubes (Fig. 10a) . Figure 10f shows that the outside structure and inside column of each BBTS assume the dynamic deformation during the crushing process. Figure 11 shows the crushing force versus displacement for all the tested structures. The absorbed energy-displacement curves for the different cross sections are shown in Fig. 12 . The two figures show that the crushing force and the absorbed energy of the circular and octagonal BBTSs are slightly higher than the ones pertaining the other BBTSs. The absorption characteristics of the triangular BBTS are enhanced compared to the ones of the rectangular BBTS due to the strong interaction between the internal triangular structures. Because the distance between the inner and outer surfaces of triangular BBTS is very close, the absorbed energy of the entire triangular BBTS is more than sum of absorbed energy by inner and outer tubes loaded separately. The interaction between the inner and outer tube increase the absorbed energy of the triangular BBTS. So the absorbed energy of triangular BBTS is always bigger than the one of rectangular BBTS, as show in Fig. 12 . The SEAs, MIFs, and CLEs of the BBTSs are compared in Fig. 13 . The SEA and CLE metrics are affected by the changes in the crosssectional shape, while the CLE of BBTS appeared not to change. According to Fig. 13 , it can be seen that SEA and CLE of BBTS changed a lot with the change of the structure thickness. However, the MIF presents irregular change when the thickness increased. Among the six cases, BBTS with the thickness of 2.0 mm has the highest SEA and CLE, and BBTS with the thickness of 1.2 mm has the highest MIF. The SEA value gradually increases when the cross-sectional shape changes from triangular to circular (Fig. 13a) . The BBTS with a octagonal cross section in the 1.6 mm thickness group has the highest SEA value. Compared with the octagonal BBTS, the SEA value of the BBTS with a circular cross section is lower. The SEA value of BBTS with circular ones is higher than the corresponding values related to other BBTSs, and this is in agreement with results from open literature [51] . The above results indicate that the increase in SEA and CLF is due to the increase in number of edges. Although the BBTSs with octagonal cross section with t = 1.6 and 2.8 mm show between the highest CLE values, the BBTS with circular cross section with t = 2.0 mm appears to possess the most ideal structure for energy absorption among all cases.
Effect of the inner wall
We have designed six shapes of outer wall cross section to study the energy absorption characteristics pertaining to different thicknesses of the inner wall under the same outer wall configurations. The six shapes were divided into six groups. In each group the thickness of the inner wall (t = 0.8, 1.2, 1.6, 2.0, 2.4, and 2.8 mm) gradually decreases as the diameter of the inner wall increases. This has been done to maintain constant the total area of each inner wall cross-sectional shape. Figure 14a -f shows the deformations of the hexagonal BBTSs with different inner wall thicknesses. The BBTS with a larger diameter undergo an ideal (i.e., almost uniform) deformation, whereas the BBTS with a smaller diameter (Fig. 14d-f show a global buckling deformation on the inner tube. Figure 15 shows the behavior of the crushing force versus displacement for the BBTSs considered. The absorbed energy versus the crushing displacements of the different cross sections is shown in Fig. 16 . The two figures demonstrate that the crushing force and absorbed energy of some of the hexagonal BBTSs (t = 1.2, 1.6, and 2.0 mm) are slightly higher than the other similar configurations. Because of the inside tube of some BBTS with t = 2.4 mm and 2.8 mm shows a strong tendency to buckle the absorption characteristic of these two types of BBTS are slightly worse than the BBTSs with t = 1.2, 1.6 and 2.0 mm. The SEAs, MIFs, and CLEs calculated for the different inner walls are compared in Fig. 17 . All three metrics tend to first increase and then decrease as the inner wall thickness assumes higher values. For each shape the highest SEA is in general provided by inner wall thickness of 1.6 mm and 2.0 mm (Fig. 17a) . When the inner wall thickness is 1.2 mm, the value of the MIF is the highest independently from the particular shape adopted (Fig. 17b) . Among all the cases considered the highest value of the MIF is provided by the inner wall thickness of t = 1.2 mm and an octagonal outer wall Figure 14 Progressive collapse of hexagon BBTS with the different inside column thickness: a t = 0.8 mm, b t = 1.2 mm, c t = 1.6 mm, d t = 2.0 mm, e t = 2.4 mm, and f t = 2.8 mm.
shape. The CLE values gradually increase when the outer wall cross-sectional shape changes from triangular to circular (Fig. 17c ). For each shape group the highest values of CLE reside between inner wall thicknesses of 1.6 and 2.0 mm. The peak of CLE value observed in our simulations corresponds to the case in which the thickness of the inner wall is 2.0 mm for the circular group.
A comparison between two types of honeycomb BBTSs
Following the single units BBTS simulations, we have performed a numerical experiment to compare the Figure 15 The crushing force versus crushing displacement curves of different thickness of BBTS inside columns. energy absorption performance of regular and irregular BBTS. Honeycombs made from hexagonal, octagonal and circular units show improved better energy absorption capabilities when the cells are tessellated. From a manufacturing perspective, the hexagonal structure is in general preferred, and therefore we have adopted this shape for the regular BBTS honeycombs. Because the hollow tube shows an improved energy absorption capability when the diameter is between 18.13 and 23.56 mm. In order to maintain the same mass of two types of BBTSs, a size of 19.56 mm has been selected for the regular BBTS honeycomb case. The irregular BBTS comes from direct observations of the elytron microstructure (Fig. 18a) . Figure 18b shows the opposite BBTS with regular hexagonal honeycombs. The mass of the regular is the same with that of irregular BBTS. The above two structures have been compared in terms of energy absorbing capabilities. The FE models of BBTS have been established. The numbers of mesh elements for regular and irregular BBTS models are 214491 and 221321, respectively. The bottom of the models is clamped to the fixed bottom plate. The impactor and the fixed bottom plate are set as rigid bodies. The 500-kg rigid impactor with a constant velocity (v = 10 m/s) is used to simulate the axial loading on the BBTS models. Figure 19 shows that the absorbed energy of the regular BBTS is higher than the one provided by the irregular BBTS. Because of the same mass, the SEA value of regular BBTS is higher than that of the irregular one.
Conclusions
In the present study we propose a new type of energy absorbing structure called bionic bi-tubular thinwalled structure (BBTS). The above structure biomimics the structural characteristics of the lady beetle elytra. BBTSs with six different cross-sectional configurations of external tubes and six different diameters of inner tubes have been investigated from a numerical standpoint under axial impact loading using the nonlinear finite element code LS-DYNA. By comparing the regular and irregular honeycomb distributions of BBTSs, we have found that the energy absorption characteristics of regular hexagonal BBTS units is higher than the one exhibited by their irregular distribution counterpart. This feature suggests that the optimized regular BBTS unit structure can provide a superior energy absorption performance compared to the original bionic structure. Overall, this study has shown that BBTSs might be proposed as a useful energy absorbing structure in the aerospace and automobile fields to improve impact resistance. Future investigations into the function of the lady beetle elytra would make the bionic engineering more suitable and effective, which could dramatically improve our research quality of crashworthiness.
